Nuclei of amphibian oocytes contain large amounts of actin, mostly in unpolymerized or short-polymer form. When antibodies to actin or actin-binding proteins (fragmin and the actin modulator from mammalian smooth muscle) are injected into nuclei of living oocytes of Pleurodeles waltlii, transcription of the lampbrush chromosomes, but not of the rRNA genes, is inhibited. When transcription is repressed by drugs or RNA is digested by microinjection of RNAase into oocyte nuclei, an extensive meshwork of actin filament bundles is seen in association with the isolated lampbrush chromosomes. These observations indicate a close relationship between the state of nuclear actin and transcriptional activity and suggest that nuclear actin may be involved in transcriptional events concerning protein-coding genes.
Introduction
Considerable evidence has accumulated over the past decade showing that actin is a major protein of interphase nuclei in a wide variety of eucaryotic cells. Actin has been identified in chromatin and nuclear fractions isolated from organisms as diverse as slime molds (Jockusch et aI., 1974; LeStourgeon et aI., 1975; Pederson , 1977) and mammals (Ohnishi et aI., 1964; Oouvas et aI., 1975; Paulin et aI., 1976; Peterson and McConkey, 1976 ; for review see LeStourgeon, 1978) . However, such studies do not prove unequivocally that the actin is localized in the nuclei since cytoplasmic contamination could not be rigorously excluded (for detailed discussion of this problem see Comings and Harris, 1976; LeStourgeon, 1978) . More convincing are the demonstrations that manually isolated and cleaned nuclei of ameba and amphibian oocytes contain relatively large amounts of actin (Clark and Merriam , 1977; Goldstein et al.,1977a Goldstein et al., , 1977b OeRobertis et aI. , 1978; Cl ark and Rosenbaum, 1979; Franke, 1980a, 1980b; Gounon and Karsenti , 1981) , reaching total nuclear concentrations of 3-4 mg/ml in amphibian oocytes (Clark and Rosenbaum, 1979 ; Krohne and Franke, 1980a ; Gounon and Karsenti, 1981) . In amphibian oocytes, the nuclear actin has been identified as both {3 and 'Y-actin (Vandekerckhove et aI., 1981) but, in contrast to cytoplasmic actin , most of this nuclear actin has been recovered in a soluble, unpolymerized form (Cl ark and Merriam, 1977; Clark and Rosenbaum , 1979; Gounon and Karsenti , 1981) . In addition , nuclear localization of actin has been unequivocally demonstrated for the filament bundles of actin poly· mers induced by treatment of cells with dimethyl sulfoxide (Fukui , 1978; Sanger et aI., 1980; Wehland et aI. , 1980) .
In spite of the widespread occurrence of nuclear actin and its high intranuclear concentration, its function is unknown. Some authors have discussed the possibility that actin might be involved in modifications of the structural state of chromatin such as heterochromatin formation in interphase nuclei and chromosome condensation during mitosis and meiosis (LeStourgeon et aI. , 1975; Paulin et aI. , 1976; Goldstein et aI. , 1977b; Karsenti et aI. , 1978; Rubin et aI., 1978; Rungger et aI. , 1979) , in the positioning and translocation of ribonucleoproteins (Gounon and Karsenti, 1981 ; Reddy and Busch, 1983) , and in intranuclear mitotic divisions (Jockusch et aI., 1974) . On the other hand , it has been argued that the presence of actin in interphase nuclei is of no functional significance at all but rather is explained by "the trivial reason that the nuclear envelope is no barrier to free movement of that protein between the two compartments" (Goldstein et aI., 1977a) .
If the presence of actin in nuclei is of functional significance, experimentally induced alterations of the state of actin should interfere with these functions. We have recently shown that microinjection of antibodies into nuclei of living amphibian oocytes is a useful approach for the analysis of the functional role of the specific nuclear antigen . For instance, injection of antibodies to RNA polymerase 11, histone H2B, or the nonhistone protein HMG·1 into the oocyte nucleus efficiently inhibits transcription of the loops of the lampbrush chromosomes , indicating that these proteins are involved in the transcription of proteincoding genes (Scheer et aI., 1979a; Bona et aI., 1981; Kleinschmidt et aI. , 1983) . A similar interference with transcription by microinjected antibodies to histones, HMG proteins, and RNA polymerase I has been reported for cultured somatic cells (Einck and Bustin , 1983; Schlegel et aI., submitted) .
In the present study we have microinjected actin antibodies and actin-binding proteins with specific effects on the polymer state of actin, i.e. fragmin from Physarum polycephalum (Hasegawa et aI., 1980; Hinssen, 1981a Hinssen, , 1981 and actin modulator protein from pig stomach smooth muscle (Hinssen et aI., 1984) into the nuclei of living oocytes of the salamander Pleurodeles waltlii. Surprisingly, these substances blocked transcription of the lampbrush chromosome loops, suggesting a functional role for nuclear actin in gene expression.
Results
Amphibian oocytes are known for the exceptionally high transcriptional activity of all three of their RNA polymerase classes (for review see Sommerville, 1977) . In particular, vitellogenic stages are characterized by maximal transcription of nucleolar genes and of the protein-coding genes located in the lateral loops of lampbrush chromosomes. Transcription units of both kinds of genes can be readily visualized by electron microscopy of spread preparations (Miller and Beatty, 1969; Miller and Bakken, 1972; Miller, 1981; Scheer et aI., 1979b; Scheer and Zentgraf, 1982) . In addition, transcribed lampbrush chromosome loops are easily recognized in the light microscope (e.g., Callan and Lloyd, 1960; Call an , 1982; LaCroix, 1968) and their presence is directly related to the transcriptional process. As has been shown by several authors, inhibition of RNA polymerase II-mediated transcription by drugs and microinjected antibodies to chromosomal proteins results in rapid loop retraction (Izawa et aI., 1963; Snow and Callan, 1969; Mancino et aI., 1971; Scheer et aI., 1979a; Bona et aI., 1981; Kleinschmidt et aI., 1983) . It is important to note that these phenomena have been observed only in living 00-cytes and have not been noted when isolated nuclei were treated with such drugs (e.g. Snow and Call an , 1969; Morgan et aI., 1980; Schultz et aI., 1981) .
In the present study we have used nuclei from growing oocytes of Pleurodeles waltlii manually isolated in Trisbuffered saline (75 mM KCI, 25 mM NaCI, 0.1 mM CaCI 2 , 10 mM Tris-HCI, pH 7.2). Upon mechanical removal of the nuclear envelope, the nucleoplasm disperses rapidly, and within a few minutes the lampbrush chromosomes spread out on the bottom of the observation chamber and are visible by phase contrast microscopy (Figures 1 a, 2a) .
Microinjection of Actin Antibodies
The affinity-purified rabbit antibodies (lgG) used for the injection studies were raised against smooth muscle actin from chicken gizzard (Jockusch et aI., 1978) . They crossreacted with actin of Pleurodeles oocytes as demonstrated by immunofluorescence microscopy. Cryostat sections of Pleurodeles ovaries revealed a strongly fluorescing cortical layer in the cytoplasm of the oocytes, a region known to be rich in bundles of F-actin microfilaments (Franke et aI., 1976; Gall et aI., 1983 ). Significant nuclear fluorescence has not been observed in such experiments, in spite of the high actin concentrations present, probably because of its largely nonfilamentous and soluble state (for special technical problems in immunolocalization of soluble nucleoplasmic proteins in oocytes, see Krohne and Franke, 1980a) . In biochemical experiments we have also determined the amount of actin present in manually isolated nuclei of Pleurodeles oocytes of the size class used for the injection experiments. From densitometry of polypeptides separated by SOS-polyacrylamide gel electrophoresis a total amount of 0.12 II-g actin per nucleus was determined, corresponding to an intranuclear concentration of approximately 2.4 mgjml (a similar figure has been reported by Gounon and Karsenti, 1981) . As previously shown in Xenopus laevis (Oabauvalle and Franke, 1982) , two-dimensional gel electrophoresis revealed {3-and 1'-actin exclusively (not shown).
Approximately 4 hr after injection of moderate amounts of actin antibodies (5 nl; 0.2 mg IgGjml) into nuclei of living Pleurodeles oocytes, pronounced alterations in chromosomal morphology were noted (Figures 1 b-1 d) . Most of the lateral loops of the lampbrush chromosomes were retracted and integrated into the chromomeres. A certain, variable proportion of the loops, however, seemed to be more resistant to the effects induced by the antibodies. In a representative experiment three categories of chromosomes could be distinguished: chromosomes with almost all loops collapsed (Figure 1 d) ; chromosomes covered along their entire lengths with loops generally smaller than those of control preparations (Figure 1 c) ; and chromosomes with both loop-containing and loop-deficient regions (Figure 1 b) . After prolonged intervals between antibody injection and chromosome preparation (up to 8 hr) the proportion of completely condensed chromosomes was usually increased but some chromosomes containing small regions with loop projections could still be recognized. Injection of larger amounts of the antibody solution (10 nl instead of 5 nl) caused retraction of the loops of all chromosomes within 4 to 6 hr ( Figure 1e ). Complete retraction was accompanied by a pronounced foreshortening of the chromosomal axes (see next section). Another preparation of affinity-purified antibodies against actin (lgG) obtained from a different rabbit caused complete loop retraction within 1.5 hr after microinjection (0.1 mg/ml; 5 nl per nucleus).
Microinjection of Actin-Binding Proteins
We used an actin-binding protein purified from a slime mold and one purified from mammalian smooth muscle, both of which specifically modulate, in a Ca-dependent manner, the state of polymerization of actin. Fragmin is an actin-binding protein of Mr 42,000 from the slime mold, Physarum polycephalum , and is known to interact with both F-and G-actin (Hasegawa et aI., 1980; Hinssen, 1981a Hinssen, , 1981b . On the one hand, fragmin severs actin filaments; on the other hand , it forms very stable heterodimeric complexes with actin monomers. These, in turn , can act as strong nucleation centers for the polymerization of actin and thereby generate a population of short actin filaments that have their fast polymerizing ends capped .
Injection of fragmin at a concentration of 0.5 mg/ml into nuclei of living amphibian oocytes (i.e. 2.5 ng per nucleus) resulted , within approximately 2 hr, in the progressive retraction of most (Figures 2a-2d) , and within 4-5 hr of all (Figures 2e, 2f ), lateral loops. Concomitant with the disappearance of the lateral loops the chromomeric bodies of the chromosome axes coalesced and the chromosomes foreshortened by an average of -85% of their initial total lengths (Figures 2e-2f).
Retraction of chromosomal loops was even more rapid when preformed fragmin-G-actin heterodimers, rather than fragmin monomers , were injected into the oocyte nuclei. Two hours after injection the loops of all chromosomes were completely retracted into the highly condensed chromosome axes (Figure 2g ) .
When fragmin was injected into the cytoplasm , no significant changes of lampbrush chromosome structure. were observed. However, the cortical microfilament bundles, including those of the microvilli , were severely affected and disappeared over large parts of the cell surface (not shown).
The mammalian actin modulator from pig stomach smooth muscle (Hinssen et aI., 1984 ) is a protein of Mr -90,000 that is functionally very similar to fragmin , with the difference that it forms a stable complex with two actin monomers. Microinjection of the pig stomach actin modulator into Pleurodeles oocyte nuclei caused effects similar to those described above for fragmin. When the modulator was injected at a concentration of 1.6 mg/ml (i.e. approximately 8 ng per nucleus), lampbrush chromosome loops werE! considerably foreshortened after 1 hr and completely retracted after 2 hr (not shown) .
Electron Microscopy of Chromatin from Microinjected Nuclei
In stages of experimentally induced complete retraction of lateral loops of lampbrush chromosomes (i .e. 6 hr after injection of 10 nl anti-actin IgG; 5 hr after fragmin injection or 2 hr after injection of fragmin-G-actin complexes), electron microscopic spread preparations of nuclear contents consistently revealed large aggregates of transcriptionally inactive chromatin homogeneously arranged in nucleosomes. These probably represent the condensed bodies of the chromosomal axes ( Figure 3a ). In stages of partial loop retraction some residual loop axes bearing distantly spaced ribonucleoprotein (RNP) transcripts were often found adjacent to the aggregates of transcriptionally inactive chromatin (Figure 3b ) . Since transcription units of lampbrush loops from untreated oocytes and oocytes receiving control injections are characterized by an extremely high packing density of transcriptional complexes (reviewed in Miller, 1981; Scheer et aI., 1979b) , their reduced number in injected nuclei indicates premature detachment from the loop axes and/or reduced frequency of initiation events. A premature release of transcripts from the template chromatin which in early stages results in intragenic regions without RNP fibrils ("gaps") seems to be a general consequence of reduced transcriptional activity in chromosomal loops (Scheer, 1978; Scheer et aI., 1979a Scheer et aI., , 1979b Bona et aI., 1981; Kleinschmidt et aI., 1983) .
The transcription of rRNA genes apparently was not affected by the injection of either fragmin, the actin-modulator protein from pig stomach smooth muscle, or antiactin IgG into oocyte nuclei. Typical complete "Christmas tree" structures, characteristic of fully active rRNA genes, were found to the same extent in experimental preparations as in controls (Figure 3c ; for correlation of structure and transcriptional activity of rRNA genes see Scheer et aI., 1976; Scheer, 1978) . This indicates that RNA polymerase 11 dependent transcription is specifically inhibited by these substances.
RNA Synthesis in Microinjected Oocytes
We have examined whether the persisting transcription complexes of the rRNA genes seen in electron microscopic spread preparations are indeed fully active. Therefore , we have analyzed by gel electrophoresis the RNA labeled after complete retraction of the lampbrush chromosome loops induced by microinjection of actin antibodies and actin-binding proteins . The results are shown in Figure 4 . Oocytes first received intranuclear injections of anti-actin, fragmin , or "actin-modulator protein" from pig stomach smooth muscle. After complete retraction of the lampbrush chromosome loops as judged by light microscopy the oocytes were injected with a-32 P-GTP. Five hours later total RNA was extracted from the oocytes and anaIyzed on 1.5% agarose gels. As shown in the autoradiogram of Figure 4 , rRNA was labeled to approximately the same extent under the experimental (lanes 1-3) and control conditions (lane 4).
Similarly, the radioactivity of the 5S rRNA and tRNA species separated on 6% polyacrylamide/7 M urea gels was not reduced by microinjection of anti-actin or the actinbinding proteins as compared to controls (not shown) .
Changes of the State of Nuclear Actin after Inhibition of Transcription and Digestion of RNP
In normal lampbrush chromosome preparations, the chromosomes were embedded in a protein-rich nucleoplasmic sol-gel "cloud ," in which structural elements could not be distinguished by phase contrast microscopy ( Figure 5a ). This situation changed dramatically when oocytes were exposed to actinomycin 0 for several hours before nuclear isolation. As a consequence of the drug-induced inhibition of transcription , the lateral loops of the chromosomes were almost completely retracted (Figure 5b ). In addition, the isolated chromosomes were surrounded by a perichromosomal nucleoplasm-derived meshwork of fibrils ( Figure  5b ) . When actinomycin 0 was removed by incubating the oocytes in large volumes of drug-free medium, the lateral loops progressively reappeared, indicative of re- (c) rRNA genes appear normal and are fully active as judged from the uninterrupted gradients of nascent transcript·fibrils after injection of fragmin, fragmin-G-actin complexes or anti·actin (shown here is a preparation made 5 hr after intranuclear injection of fragmin at a concentration of 0.5 mg/ml). Bars: 1 I'm. newed transcriptional activity. Correspondingly, chromosomes isolated after removal of actinomycin D did not show the perichromosomal meshwork (Figure 5c ). During normal inactivation of transcription, as in maturing oocytes, a progressive reduction in the size of the lateral loops has been noted (see Scheer et aI. , 1979b) and chromosomes isolated from these stages are frequently enmeshed in tangles of fibrils.
In experiments in which transcription was inhibited, the presence of the fibrillar meshwork was related to impaired transcription of the lampbrush chromosomes but not of the rRNA genes or polymerase Ill-dependent genes. This was evident from the finding that after injection of C/-amanitin into oocytes at concentrations which selectively inhibit the activity of RNA polymerase 11 (Gurdon and Brown, 1978; Probst et aI., 1979; Schultz et aI., 1981 ) the fibril meshwork was found in association with the isolated chromosomes (data not shown) . Similar, though more variable, effects have been noted in earlier studies after selective inhibition of transcription of the lampbrush chromosome loops by microinjection of antibodies to histone H2B (Scheer et aI., 1979a) , RNA polymerase 11 (Bona et aI., 1981) , and HMG-1 (Kleinschmidt et aI., 1983) .
After injection of pancreatic RNAase into oocyte nuclei, RNP fibrils (Figure 5d ). Again, the isolated chromosomes were embedded in an extended fibril network (Figure 5d ; see also Callan, 1982) . In order to elucidate the nature of the perichromosomal fibrils formed from nucleoplasmic protein material upon inhibition of transcription or digestion of RNP, we used three different methods. One was immunofluorescence microscopy. The fibrils reacted strongly with antibodies to actin (Figures 6a, 6c) . Amplified nucleoli present in the same preparation were completely negative, whereas the axial structures of the chromosomes revealed a weak, sometimes punctate fluorescence that could be attributed to the presence of some actin-containing material on the surfaces of certain chromomeres (Figure 6c ; see also Karsenti et aI. , 1968) . The second method was electron microscopy. Thin sections through such perichromosomal fibril meshwork revealed bundles of 5 nm microfilaments with associated electron-dense particles (Figure 6e) . The third was drug treatment. After incubation of oocytes in medium containing actinomycin D for 6 hr in order to induce the nuclear filament bundles, the F-actin-severing protein fragmin was injected into the nuclei 10 min prior to their isolation. Phase contrast microscopy revealed that the perichromosomal fibrils were completely absent after this treatment (not shown).
These observations indicate that the filament bundles observed during natural or experimentally induced transcriptional inactivation of the lampbrush chromosomes of Pleurodeles represent F-actin bundles, similar to those reported in freshly isolated Xenopus oocyte nuclei (Clark and Rosenbaum, 1979) and in isolated oocyte nuclei of Pleurodeles incubated with phalloidin (Gounon and Karsenti,1981) .
Control Experiments
To examine the possibility that retraction of the chromosomal loops was due to traces of nucleolytic or proteolytic enzymes present as contaminations in the solutions injected, a series of control injections was performed. Diverse immunoglobulin preparations were purified by column chromatography on DEAE-cellulose, frequently followed by affinity chromatography (similar to the method used for the purification of anti-actin IgG), and were dissolved in Tris-buffered saline prior to intranuclear injection. Injections (5 nl per nucleus) of the following were without any noticeable effect on lampbrush chromosome morphology: nonimmune immunoglobulins or IgG prepared from rabbit, guinea pig, mouse and human sera (1-1.5 mgjml); rabbit anti-tubulin (0.2 mgjml); rabbit anti-a-actinin (0.2 mgjml); rabbit anti-tropomyosin (0.2 mgjml); rabbit anti-calmodulin (0.1 mgjml); guinea pig anti-nucleoplasmin (1.5 mgjml); guinea pig anti-protein N1 jN2 from Xenopus oocyte nuclei (1.5 mgjml). Nucleoplasmin and N1 jN2 are, together with actin, the most abundant protein classes in Figure 6 . Analysis of the Actinomycin 0 Induced Fibrillar Bundles by Immunofluorescence Microscopy by Using Antibodies to Actin and by Electron Microscopy (a-d) Pleurodeles oocytes were incubated in medium containing actinomycin 0 (50 I'g/ml, 6 hr) followed by chromosome preparation. After centrifugation (2000 rpm x 10 min) the specimens were incubated with affinity-purified anti-actin IgG (10 I'g/ml) followed by FITC-Iabeled goat antirabbit IgG (1 :500). The filament bundles show strong fluorescence (a, and c, corresponding phase contrast micrographs shown in b and d). Lateral loops of the chromosomes are retracted and the chromosomal axes reveal only occasional weak fluorescence (c). nuclei of amphibian oocytes Franke, 1980a, 1980b; Dabauvalle and Franke, 1982) . Thus nonspecific side effects of the injected immunoglobulins and/or of the injection procedure itself can be excluded.
Furthermore, the kinetics of action of microinjected RNAase were totally different from the relatively slow retraction process of the loops observed after injection of actin-binding proteins or anti-actin antibodies: within 10-20 min after injection of RNAase to a final nuclear concentration of 10 /-Lg/ml all lateral loops were collapsed onto the chromosome axes, concomitant with the induction of a meshwork of filament bundles ( Figure Sd) . Injection of DNAase I, on the other hand, resulted in breaks in the lateral loops ( Figure 7a ) and occasionally in chromosome axes. It is also worth mentioning in this context that the lampbrush chromosomes were highly resistant to the action of DNAase I in the living cell. Thus injection of DNAase I to an intranuclear concentration of 100 /-Lg/ml was necessary to break a significant number of the loops within 20 min (Figure 7a ). In contrast, isolated lampbrush chromosomes were much more susceptible to the action of DNAase I (not shown; see also previous work of McGregor and Callan, 1962; Gall, 1963) . It is likely that this reduced efficiency of DNAase I within the nucleus is due to the large amount of G-actin present in oocyte nuclei, which could be expected to bind and inactivate the injected DNAase I (Lazarides and Lindberg, 1974; c.f. Clark and Merriam, 1977; Gounon and Karsenti, 1981) .
We also injected a number of proteins other than immunoglobulins, including bovine and rabbit serum albumin, Xenopus nucleoplasmin, rabbit hemoglobin (all at a concentration of 1-1.S mg/ml; not shown), and rabbit skeletal muscle G-actin (Figure 7b ). With none of these proteins did we find a significant change of loop morphology. The only remarkable change was observed after injection of relatively large amounts of G-actin (S ng per nucleus), which resulted in the formation of an extended fibril meshwork around the isolated lampbrush chromosomes ( Figure  7b) .
The actin-binding proteins were routinely injected in the presence of 0.1 or O.S mM CaCI 2 since they require micromolar amounts of free Ca 2 + for their activity (Hasegawa et aI., 1980; Hinssen, 1981b; Hinssen et aI., 1984) . In order to evaluate the effect of divalent cations on chromosomal morphology, CaCI 2 alone was injected. As shown in Figure 7c , the chromosomes appeared identical to control preparations.
In order to examine possible effects of induced polymerization of nuclear actin on transcription, we microinjected phalloidin (1 mg/ml), a mushroom drug known to stabilize and arrest the polymer form of actin (Wieland and Faulstich, 1978) , into nuclei of living oocytes. This resulted in the instantaneous "hardening" of the whole nuclear content (not shown). This is in agreement with the observations made by Gounon and Karsenti (1981) after incubation of isolated nuclei with phalloidin. Such phalloidin-altered nuclei did not allow the spreading and visualization of the loops of lampbrush chromosomes. To allow visualization of the chromosomes, fragmin was microinjected into nuclei which had been injected 4 hr earlier with phalloidin. This resulted , within 10 min, in a restoration of the initial low viscosity state of the nucleoplasm, probably as a result of the actin filament severing activity of fragmin. Chromosomes observed after this sequential treatment with phalloidin (4 hr) and fragmin (10 min) showed largely retracted loops but no chromosome compaction. This finding is compatible with an involvement of non polymer actin in transcription but, of course, does not prove it, as the effects of phalloidin on chromosomal structure may be more indirect.
Discussion
We propose a novel role for the widespread cell protein actin , probably unexpected by most biologists working on this protein. Our results indicate that at least part of the nuclear actin is involved in the transcription of chromosome loops containing genes coding for proteins. The assay used to demonstrate this involvement, i.e. injection of substances into nuclei of living cells, has repeatedly proved to be a valuable assay of diverse nuclear functions, compatible with cell viability and the continuation of nuclear activities (e .g. Graessmann and Graessmann, 1976; Mertz and Gurdon, 1977; DeRobertis and Mertz, 1977; Trendelenburg et aI., 1978; Gurdon and Melton, 1981; SollnerWebb and McKnight, 1982; Etkin, 1982; Renkawitz et aI. , 1982; Green et aI., 1983; Birchmeier et aI., 1984) . In particular, the selective inhibition of transcriptional events mediated by RNA polymerase 11 has already been demonstrated by microinjection of antibodies to RNA polymerase 11 (Bona et aI., 1981) and also by antibodies to histones and HMG proteins (Scheer et aI., 1979a; Einck and Bustin, 1983; Kleinschmidt et aI., 1983) . Various control injections have not produced such changes in chromosome morphology (this study and Bona et aI., 1981) , indicating that a leakage of solutions, which in general can occur during microinjection of amphibian oocytes (Miller et aI. , 1984) , is not responsible for the specific effects observed . Therefore, we consider our observation that injection of antibodies against actin results in the cessation of transcription by RNA polymerase 11, loop retraction, and chromosome condensation to be significant. Moreover, our finding that the same phenomenon occurs, even more dramatically, upon injection of actin-binding proteins from different sources, as fragmin from Physarum polycephalum and the actin modulator protein from mammalian smooth muscle, shows that this inhibition of transcription is indeed related to the interference with actin and is not an artifact due to the presence of actin antibodies. The specificity of the actin involvement in RNA polymerase II-mediated transcription is also evident from our demonstration that nucleolar transcription by RNA polymerase I continues in the presence of both actin antibodies and the actin-binding proteins .
A more detailed discussion of the various effects of microinjected actin antibodies and actin modulators has to take into account their specific ways of interaction with actin in vitro. Our data show that the concentration of injected actin antibodies effective in inhibition of transcription is much lower than that of the endogenous actin (ratio approximately 1 :400). This suggests that not all nuclear actin is involved in transcription but only a small proportion that reacts more avidly with the antibodies . Altematively, in the nucleus the actin antibodies may bind preferentially to the growing ends of short actin polymers and thus interfere with the polymerization equilibrium at very low concentrations.
In the case of the actin modulators, fragmin, and the smooth muscle protein, several possibilities have to be considered because of the complex pattern of their interaction with actin. On the one hand, a simple inactivation of actin monomers by formation of a stoichiometric complex with the injected modulator seems unlikely because the effective amount of modulator injected is in a substoichiometric ratio with respect to the total actin present in the nucleus (approximately 1 :50). The marked effects of the modulators at substoichiometric concentrations indicate that the polymerization process or preexisting polymer forms of actin are somehow involved. On the other hand , a direct severing of preexisting actin filaments by these modulators seems to be excluded as the nonsevering 1:1 complex of actin and fragmin (Hinssen, 1981 b) also inhibits transcription when microinjected. Therefore, we consider a nucleating and capping effect on actin polymerization to be the most likely mechanism. Two possibilities may be envisaged: the nucleating effect on a large pool of G-actin which is eventually stabilized in its monomeric state by profilin or similar proteins, and the introduction of many new nucleating and capping sites into a system of actin filaments which would gradually depolymerize by a turnover mechanism via a relatively small G-actin pool. The final stage in both mechanisms is a population of short actin filaments and oligomers, which in the first case means a dramatically reduced amount of unpolymerized actin and in the second case a breakdown of preexisting filamentous structural elements.
From the experimental approach we have used in this study we cannot definitely decide whether or not the actin involved in the transcriptional events includes actin polymers. So far studies of the biological functions of actin such as contractile processes and gel formation have predominantly dealt with its polymerized state (see Introduction). However, many observations point to the existence of monomeric or oligomeric actin in the nucleus, and there may be functions of actin that are not dependent on filament formation. Actin microfilaments, the usual form of actin polymers, have not yet been shown to exist in intact nuclei of normal , transcriptionally active cells, although such filaments are clearly demonstrable in the nucleoplasm after treatment of cells with dimethyl sulfoxide (Fukui, 1978; Sanger et al., 1980; Wehland et aI., 1980) or with drugs that inhibit transcription (Lane, 1969) and in isolated nuclei (Cl ark and Rosenbaum , 1979; Gounon and Karsenti , 1981) . We have also shown in this study that extended meshworks of actin microfilaments are formed in the vicinity of the lampbrush chromosomes upon inactivation of transcriptional activity.
Though it cannot be excluded that actin microfilaments are critically involved in the positioning and nucleocytoplasmic translocation of ribonucleoprotein products, as proposed by several authors (Gounon and Karsenti, 1981; Reddy and Busch, 1983) , the data presented in this study are also compatible with concepts involving monomeric or oligomeric nuclear actin in the transcriptional process. This idea is supported by earlier findings that actin is tenaciously associated with purified RNA polymerase 11 (Smith et aI., 1979) and that correct initiation of transcription by polymerase 11 in vitro requires a protein factor that recently has been shown to contain {J-and -y-actin (Egly et aI., 1984) . In addition, recent evidence has indicated that G-actin may be involved in the regulation of the poly(A) metabolism, mediated by the enzyme poly(A)polymerase (Schrbder et aI., 1982) . Finally, we have to consider another hypothesis-namely, that nuclear actin in such high concentrations contributes to the formation of a colloidal protein milieu in the nucleoplasm which is essential for the transcriptional process and the three-dimensional organization of the chromosome loops.
Our observations can only be taken as a first hint of the possibility of a new role for nuclear actin. Further experiments are necessary to identify the specific mode in which actin is involved in transcription of protein-coding genes.
Experimental Procedures

Oocytes and Microinjection
The salamanders, Pleurodeles waltlii, were reared in our laboratory. Pieces of ovary were removed from anesthetized (0.1 % MS 222; Serva. Heidelberg, FRG) females and placed in modified Barth medium (Gurdon, 1976) containing 50 units/ml each of penicillin and streptomycin. Growing oocy1es with diameters from 1.2 to 1.4 mm were mechanically freed from their surrounding follicle epithelium, placed onto a nylon net with the animal pole facing upward, and centrifuged at 200-250 x g for 20-30 min until the nucleus reached the plasma membrane and became visible as a clear roundish zone within the dark animal hemisphere. Usually, nuclei were each injected with approximately 5 nl solution (i.e. roughly one tenth of the nuclear volume) using a low power micromanipulator (MK I, Singer Instru· ment Company, Treborough Lodge, Roadwater, England). For some ex· periments small ovary pieces were incubated for 6 hr in Barth medium containing 50 p.g/ml actinomycin 0 (Serva, Heidelberg, FRG).
Actin Antibodies and Actin-Binding Proteins
Antibodies against chicken gizzard actin were raised in rabbits and purified by affinity chromatography as described (Jockusch et aI., 1978) . For microinjection, they were dissolved in PBS at a concentration of 0.2 mg/ ml. In immunoblots of two·dimensional SOS-polyacrylamide gels this anti· body reacted exclusively with {J. and 'Y·actin prepared from low ionic strength extracts of acetone powdered chicken gizzard (data not shown).
Fragmin was purified from the slime mold Physarum polycephalum as outlined by Hinssen (1981a) . Prior to microinjection the fragmin solution was adjusted to a concentration of 0.5 mg/ml and dialyzed against "3: 1-saline" (75 mM KCI, 25 mM NaCI, 10 mM Tris-HCI, pH 7.2) containing 0.5 mM CaCI,. Heterodimeric complexes between fragmin and G-actin were reconstituted by adding G-actin from rabbit skeletal muscle to fragmin (0.5 mg/ml) in a weight ratio of 1:1 (Hinssen, 1981b) . The mixture was dialyzed as described above prior to its microinjection.
The actin modulator from pig stomach smooth muscle was purified according to Hinssen et al. (1984) . The solution used for injection contained 1.6 mg/ml in "3:1-saline" with 0.1 mM CaCI,.
Control Injections
Immunoglobulin (Ig) fractions from diverse sera were obtained by column chromatography on OEAE-cellulose (DE 52, Whatman ; Bustin et aI., 1977) . The Ig fraction in the early eluting peak was concentrated and finally dissolved in PBS or "3: 1-saline" at concentrations ranging from 1 to 2 mg/ ml. Several Ig fractions were further purified by affinity chromatography.
Ig fractions were prepared from nonimmune sera of rabbits, guinea pigs, mice, and humans. Nonimmune IgG from the same species were purchased from Miles (Frankfurt, FRG). The following specific antibodies were injected:
anti-tubulin and anti-calmodulin prepared against porcine brain tubulin (Jockusch et aI., 1979; Hauser et aI., 1980) and against calmodulin (Hauser and Jockusch, unpublished data) respectively; anti-tropomyosin and antia -actin in prepared against chicken gizzard tropomyosin (Boschek et aI., 1981) and porcine skeletal muscle a -actinin (Hoessli et aI. , 1980; Sixma et aI. , 1982) . All antibodies were raised in rabbits and were purified on Sepharose 4 B linked to the corresponding antigen . Antibodies to nucleoplasmin and the karyophilic proteins N1/N2 from Xenopus laevis oocy1e nuclei were raised in guinea pigs Franke , 1980a, 1980b; Kleinschmidt et aI., 1984) . The antibodies against smooth muscle actin and tropomyosin as well as the antibody against skeletal muscle a-actinin had been shown previously to cross-react extensively with the corresponding non-muscle antigens (see, for example, Jockusch et aI., 1977 Jockusch et aI., ,1978 Jockusch et aI., , 1983 Hauser et aI., 1980; Boschek et aI., 1981 ; Sixma et aI., 1982) .
DNAase I, pancreatic RNAase, and phalloidin were obtained from Boehringer (Mannheim, FRG); bovine and rabbit serum albumin and rabbit hemoglobin from Sigma Chemie (Taufkirchen , FRG). G-actin was prepared from rabbit skeletal muscle following the procedure described by Pardee and Spudich (1982) and dialyzed against 2 mM Tris-HCI (pH 8.0), 0.2 mM CaCI" 0.2 mM ATP prior to injection. Nucleoplasmin was purified from X. laevis ovary as described by Oingwall et al. (1982) .
Light Microscopy of Lampbrush Chromosomes and Perichromosomal Material
Individual oocy1es were placed in "3: 1-saline," and the nuclei were isolated manually and transferred into a observation chamber containing the same buffer adjusted to 0.1 mM CaCl, (Callan and Lloyd, 1960) . After the nuclear envelope was removed mechanically, the nuclear content was allowed to disperse and to spread to the bottom of the observation chamber. After approximately 1 hr the chamber was centrifuged (800 x g, 10 min) in order to anchor the chromosomes and the perichromosomal material firmly to the bottom of the chamber. Photographs were taken with phase contrast optics (40x) using an inverted Zeiss microscope IM 35 equipped with a flash. Inclusion of 2 mM dithiothreitol (On) in the medium did not change the results.
Electron Microscopy
Lampbrush chromosomes prepared as described above were fixed in 2.5% glutaraldehyde containing 75 mM KCI, 25 mM NaCI, and 50 mM cacodylate buffer (pH 7.2), at 4°C for 15 min . Then the specimens were washed several times in cacodylate buffer, postfixed in 2% OsO. (10 min, 4°C), washed in distilled water and impregnated overnight in 0.5% aqueous uranyl acetate. After dehydration through graded ethanol solutions the specimens were embedded in Epon 812 as described (Spring and Franke, 1981) . Ultrathin sections were stained according to standard procedures. Chromatin spread preparations were made essentially according to the method of Miller and Bakken (1972) with some modifications (Scheer, 1978; Scheer et aI. , 1976 Scheer et aI. , , 1979a Scheer et aI. , , 1979b . Electron micrographs were taken with a Zeiss EM 10A.
Immunofluorescence Microscopy
Lampbrush chromosomes and perichromosomal material prepared as described above were incubated with affinity-purified anti-actin IgG dissolved in PBS at a concentration of 10 p.g/ml for 10 min. After several washes in PBS, FITC-Iabeled goat anti-rabbit IgG (Miles-Yeda, Rehovot, Israel; diluted 1 :500) was added for another 10 min. Following several washes in PBS, the coverslip forming the bottom of the chamber and containing the chromosomes and perichromosomal material was removed and mounted in Elvanol. Photographs were taken with a Zeiss photomicroscope III equipped with epifluorescence optics. Control preparations with nonimmune IgG (20 p.g/ml) instead of anti-actin IgG were completely negative.
RNA Analysis
RNA was labeled by microinjection of 0.1 p.Ci (a-32 P)GTP (10 mCi/ml; Amersham Buchler, Braunschweig , FRG) into the nucleus of each oocy1e. After 5 hr at 20°C in Barth medium , oocy1es (10 per experimental group) were homogenized in 0.7 ml of a buffer containing 50 mM Tris-HCI (pH 7.6),20 mM NaCI, 1% SOS and extracted with phenol/chloroform/isoamyl alcohol as described (Scheer et aI., 1976) . RNA was analyzed by electrophoresis on 1.5% agarose gel slabs. Dried gels were exposed to Kodak XOmat films at -70°C. Ribosomal RNA extracted from X. laevis ribosomes, tobacco mosaic virus RNA, and tRNA from E. coli were run on the same gel as molecular weight markers and were identified after staining with ethidium bromide.
